[1] The Agulhas Leakage represents a significant portion of the warm, surface return flow of the global overturning circulation and thus may be an important feedback in the ocean climate system. Models indicate that reduced leakage could be caused by a stronger Agulhas Current and/or a more upstream (eastward) Agulhas Retroflection, while a weaker Agulhas Current would result in a more westward retroflection and increased leakage. However, data for the Last Glacial Maximum support both a weaker Agulhas Current and less leakage, implying a possible displacement of the retroflection. Sr data from sediments deposited during the Last Glacial Maximum suggest that the glacial Agulhas Current and Retroflection followed nearly their modern trajectory. The provenance data appear to rule out both a stronger Agulhas Current and a more upstream Agulhas Retroflection. We conclude that the reduced glacial leakage was caused by the weakened Agulhas Current, with no significant change in the retroflection position. This is inconsistent with the model predictions and thus emphasizes the need for further work in this region. 
Introduction
[2] The Agulhas Leakage is a large portion of the surface return flow for the global thermohaline circulation (THC), which begins with deep water formation in the North Atlantic [e.g., Biastoch et al., 2008; de Ruijter et al., 1999; Gordon, 1986 Gordon, , 1996 Gordon, , 2003 Gordon et al., 1992] and affects the global heat transport and transmits and amplifies climate signals [Broecker and Denton, 1989; Rahmstorf, 2002; Ruddiman, 2003] . Its magnitude has varied over the Pleistocene glacial cycles: higher during warm climate intervals and lower during cold glacial times, including the Last Glacial Maximum (LGM, $20 ka) [Cortese and Abelmann, 2002; Flores et al., 1999; Franzese et al., 2006; Peeters et al., 2004; Pether, 1994; Rau et al., 2002; Verardo, 1995] . These changes may be a response to upstream changes in the global THC, or they may be a driving force for changes in the North Atlantic. It is therefore important to understand the processes that control the Agulhas Leakage.
[3] The magnitude of Agulhas Leakage is thought to depend on the strength and variability of the upstream Agulhas Current and the location of the retroflection (Figure 1 ) [Lutjeharms, 2006] . Idealized models of the Agulhas Current as a free inertial jet predict that its path is primarily controlled by the volume transport, with a more upstream (eastward) retroflection occurring in response to larger transports and further westward penetration for smaller transports [Lutjeharms and van Ballegooyen, 1984; Ou and de Ruijter, 1986] . These models therefore predict an inverse relationship between Agulhas Current flux and Agulhas Leakage. The paleoceanographic data, however, are inconsistent with this relationship. Interpretations of both biologically mediated proxies (stable isotopes measured on foraminifera shells (forams) [Be and Duplessy, 1976; Cortese and Abelmann, 2002; Flores et al., 1999; Rau et al., 2002; Winter and Martin, 1990] , foraminiferal shell size [Be and Duplessy, 1976] , fossil faunal and floral assemblages [Be and Duplessy, 1976; Cortese and Abelmann, 2002; Flores et al., 1999; Hutson, 1980; Peeters et al., 2004; Pether, 1994; Rau et al., 2002; Verardo, 1995; Winter and Martin, 1990] , and alkenone-derived [Peeters et al., 2004] sea surface temperature estimates) and proxies that respond to physical transport processes, such as sediment composition and texture or flux [Franzese et al., 2006; Rau et al., 2002] , give broadly consistent results for the LGM. Taken together, they point to a weaker and/or more variable glacial Agulhas Current and reduced glacial Agulhas Leakage. Thus, important factors other than the Agulhas Current transport must be controlling the retroflection location and/or the magnitude of Agulhas Leakage.
[4] It has also been postulated that the latitude of the Agulhas Retroflection is partly controlled by the position of the Subtropical Front (STF). Models suggest that a southward displacement of the zonal wind profile in a one-layer model tends to increase the Agulhas Leakage [de Ruijter and Boudra, 1985] , while a 5°northward displacement of the zero of the wind stress curl tends to isolate the south Indian circulation from the Atlantic gyre [Matano, 1996] . Glacial reconstructions of the STF south of Africa range from little to no change [Hays et al., 1976] to northward migrations of a few degrees [Howard and Prell, 1992; Peeters et al., 2004; Prell et al., 1980; Trend-Staid and Prell, 2002; Verardo, 1995] . Until now, there have been no data between 36.5 and 40.5°S to constrain the mean position of the Agulhas Retroflection during the LGM or during the late Pleistocene in general. The goal of this study was to constrain the position of the Agulhas Retroflection at the LGM using strontium isotope ratios ( 87 Sr/ 86 Sr) of the terrigenous fraction of deepsea sediments.
[5] Many prior studies have demonstrated the validity of using 87 Sr/ 86 Sr of terrigenous detritus to infer their provenance and relate them to changes in ocean circulation patterns [Biscaye and Dasch, 1971; Eisenhauer et al., 1999; Franzese et al., 2006; Hemming et al., 2007; Revel et al., 1996a Revel et al., , 1996b Walter et al., 2000] . Our own previous work has shown that sediments transported by the Agulhas Current have high 87 Sr/ 86 Sr derived from the old continental terrains on the eastern coast of Africa [Franzese et al., 2006] . We used this information, along with other provenance and flux data, to determine that the Agulhas Current's sediment transport capacity was significantly reduced (i.e., the Agulhas Current was weaker) during the LGM [Franzese et al., 2006] Sr can be used to trace the mean path of the Agulhas Current, Retroflection, and Return Current in the past.
Core Samples
[6] The chosen core sites are noncontourite sites from four distinct zones within the greater Agulhas Retroflection region (Table 1 and Figure 2a ). These are directly beneath the Agulhas Current from 29 to 35°S and water depths between 1 and 4 km, the deep Transkei Basin ($4.5 km, near 35°S, 29°E), the retroflection region between about 36 and 40°S and 19 and 26°E and water depths between 1 and 5 km, and a 3 -4 km depth transect off the Agulhas Plateau. Two deeper (5 -6 km) ''Southern'' cores were also sampled near 45°S. The deep waters in this area are North Atlantic Deep Water (NADW) and Circumpolar Deep Water (CPDW) centered around 3 km and Antarctic Bottom Water (AABW) below about 4 km ( Figure 2b ). We then sought fast, straightforward means of identifying (1) the depth of the LGM horizon and (2) the main provenance of each core.
[7] Core lithologies are highly varied, ranging from foraminiferal ooze to silty lutite. Accordingly, we employed several different methods for determining core stratigraphies. Our preliminary stratigraphic determinations for cores from the Lamont-Doherty Earth Observatory (LDEO) Deep-Sea Sample Repository used core descriptions from the cruise logs, percent calcium carbonate, counts of lithic grains per gram, and magnetic susceptibility (Table 1 and auxiliary  material Data Sets S1 -S12 and Tables S1 -S14) . 1 We also include cores collected during RRS Charles Darwin Cruise 154 (CD154), for which some preliminary stratigraphic determinations were made on board the ship [Hall and Zahn, 2004] . Where available, we made use of published stratigraphic information [Hays et al., 1976; Verardo, 1995] C dating. The resolution, accuracy, and precision of the age models are highly variable, simply because there is a great deal of variability in data available from core to core. A summary is provided in Table 1 , and details for the stratigraphic determinations of each core are in the auxiliary material and will be made available online through the World Data [de Ruijter et al., 1999; Holliday and Read, 1998; Lutjeharms and Valentine, 1984; Lutjeharms et al., 2002; Lutjeharms, 2006] . Bathymetric contours of 1000 m are shown for reference [Smith and Sandwell, 1997] .
Center (WDC) for Paleoclimatology (http://www.ncdc.noaa. gov/paleo/paleocean.html).
Analytical Procedures
[8] All Sr isotope measurements are on the <63 mm terrigenous sediment fraction. Calcium carbonate and ferromanganese oxides were sequentially removed using a buffered acetic acid leach (pH = 5) followed by 0.02 M hydroxylamine HCl in 25% acetic acid [Rutberg et al., 2005] .
[9] In the remaining terrigenous fractions, $10 mg were dissolved for Sr isotope analyses. The presence of organic material and/or precipitated fluorides often caused difficulty when dissolving samples. Samples were dissolved on a hot plate in 4 mL of 8 N nitric acid (HNO 3 ) and 200 mL of hydrofluoric acid (HF), which was repeated once or twice after sonicating for 20 -30 min prior to heating. Aqua regia heated to $170°C was also used up to three times when necessary. Each sample was dried down in a small amount of concentrated HNO 3 before redissolving in 3 N HNO 3 for Sr separation using established LDEO procedures [Rutberg, 2000; Rutberg et al., 2005] .
[10] Isolated Sr was loaded on tungsten filaments with a tantalum chloride solution [Birck, 1986] . Sr isotope ratios were measured at LDEO by dynamic multicollection using a VG Sector 54 -30 thermal ionization mass spectrometer (TIMS) Figure 3a) . The data exhibit a general trend of decreasing 87 Sr/ 86 Sr with increasing water depth, and beneath the Agulhas Current, 87 Sr/ 86 Sr generally decreases downstream (i.e., from NE to SW).
[12] The data presented here for the LGM add 19 new data points to the preexisting set of only 5 in this region. The range of Figure 3b ). Additionally, the Holocene value of 0.7137 is exceptionally low compared to other cores in this region (Figure 3a) .
[14] Five cores from the flanks of the Agulhas Plateau have extremely consistent terrigenous 87 Sr/ 86 Sr for both the Holocene and LGM. These cores make up a NW to SE transect spanning water depths from $3 to 4 km (Table 1 and Figure 4 ). Three (VM34-153 and VM34-158 (this study) and VM34-157 [Franzese et al., 2006] ) are well within the modern CPDW, one (VM34-155) is well within modern AABW, and one (VM34-156) is located very close to the interface ($3.8 km [Arhan et al., 2003] (Figure 4 ).
Discussion

Retroflection Location
[15] The main subject we address here is whether a change in the mean location of the Agulhas Retroflection was responsible for the reduced Agulhas Leakage during the LGM. Alternatively, if the Agulhas Retroflection occurred in the same place as it does today, the reduced glacial leakage must have been caused by a weaker flow through the Agulhas Current system.
[ Sr ! 0.720 trace the mean integrated flow path of the modern Agulhas Current through the retroflection and into the Agulhas Return Current (i.e., the Agulhas Plateau) (Figure 3a) . We therefore infer that we can use terrigenous 87 Sr/ 86 Sr ! 0.720 to identify the retroflection's average location in the past. The interpretation of changes in terrigenous 87 Sr/ 86 Sr as provenance variability can potentially be complicated by the processes of weathering and transport. For sediments in the Agulhas Current and Retroflection region, these influences were inferred to be minor on the basis of apparently unchanging end-member compositions over the relevant timescale, the consistency of change over a broad spatial scale spanning a large range in sedimentary and oceanographic settings, and comparisons with Rb-Sr and the Sm-Nd isotope system [Franzese et al., 2006] Sr of deep sea sediments in this region is provenance, with only minor secondary modification by sedimentary processes such as sorting [Franzese, 2008] . We are therefore confident that 87 Sr/ 86 Sr ! 0.720 can be used to trace the path of the Agulhas Retroflection location through time. In the following paragraphs, we test and rule out several hypotheses for the position of the glacial Agulhas Retroflection, leaving only one hypothesis uncontradicted: no glacial to Holocene change in the location of the Agulhas Retroflection.
[17] The first case we consider is an extreme migration of the Agulhas Retroflection to a position northeast of the Agulhas Plateau (near 35°S, 28°E), with the STF reaching far north of its present range, almost touching the tip of Africa (Figure 5a ). Floral assemblages and planktonic d
18
O from a suite of cores underlying the Agulhas Current indicate that the main flow path of the Agulhas Current was similar to today at least as far south as 34°S and probably as far as 36°S [Winter and Martin, 1990] . Basin-wide sea surface temperature reconstructions based on faunal assemblages are mostly consistent with a northward shift of the STF of only a few degrees at the LGM [Hays et al., 1976; Howard and Prell, 1992; Prell et al., 1980; Trend-Staid and Prell, 2002] . The strontium isotope results we present here provide additional constraints for the LGM Agulhas Current system. In particular, if the retroflection was near 35°S, 28°E during the LGM, we should expect to see an increased Agulhas signature in the terrigenous provenance (i.e., higher than modern 87 Sr/ 86 Sr) in that region, along with a decreased Agulhas signature (i.e., lower than modern 87 Sr/ 86 Sr) beneath the modern retroflection near 40°S, 20°E.
[18] Although our coverage is sparse in the key region east of the Agulhas Plateau, we do not see exceptionally high 87 Sr/ 86 Sr in the Transkei Basin during the LGM. Holocene and late Pleistocene sediments are scarce in this area because of scouring by bottom currents, and the deepest parts of the basin are well below the lysocline, so there is too little carbonate material to establish a reliable stratigraphy. Consequently, we have only two 87 Sr/ 86 Sr data points for the Transkei Basin. On the basis of the relatively low glacial 87 Sr/ 86 Sr of these two cores ($0.717) compared to that of cores beneath the modern path of the Agulhas Current and Retroflection (0.7159 -0.7308), however, we infer that the Agulhas Retroflection was not positioned east of the Agulhas Plateau during the LGM.
[19] The second case we consider for the LGM is a more moderate displacement of the Agulhas Retroflection, where the northern boundary of STF variability is never north of 37°S and the Agulhas Current occupies its modern flow path upstream of 36°S and retroflects around 37°S (Figure 5b ). This scenario might be more consistent with the proxy data from beneath the Agulhas Current [Winter and Martin, 1990] , the faunal SST [Hays et al., 1976; Howard and Prell, 1992; Prell et al., 1980; Trend-Staid and Prell, 2002] , and the assortment of data suggesting reduced Agulhas Leakage and/ or a more northern position of the STF during the LGM [Cortese and Abelmann, 2002; Flores et al., 1999; Peeters et al., 2004; Rau et al., 2002; Verardo, 1995] . Our depth transect from the flanks of the Agulhas Plateau is perfectly positioned to evaluate the validity of this hypothesis.
[20] In the modern situation, with the Agulhas Retroflection located west of the Agulhas Plateau, Agulhas-derived particles can simply be carried south of the Agulhas Plateau by the surface waters of the Agulhas Retroflection and the Agulhas Return Current. In addition, Agulhas-derived particles rained out in the vicinity of the retroflection can be carried south of the Agulhas Plateau by deep and bottom currents (Figure 2) . If the retroflection was as far north as 37°S during the LGM, only the counterclockwise flowing AABW could transport Agulhas-derived particles to the southern Agulhas Plateau (Figure 5b ). The slightly shallower NADW and CPDW tend to flow eastward, so they could not be responsible for bringing Agulhas-derived material to these core sites unless the retroflection was near its modern position. Our glacial results show that the cores from CPDW depths have the same provenance as those affected by AABW (Figure 4) . The vertical homogeneity of LGM 87 Sr/ 86 Sr most likely reflects a surface water source that is common to all sites. This could only be true if, during the LGM, the Agulhas Retroflection was positioned west of the Agulhas Plateau, close to its modern position.
[21] Therefore, on the basis of the available data, the most plausible scenario for the LGM circulation is no change from the modern flow path of the Agulhas Current or the location of retroflection (Figure 5c Sr for the Agulhas region as a whole (Figure 3) , implying a smaller relative input of old continental material during the LGM but no major difference in the circulation patterns.
Agulhas Current Strength
[22] Combining our new 87 Sr/ 86 Sr data with what we know from previous studies, however, we find compelling evidence for a reduced input from the Agulhas Current during the LGM. The data imply that during the LGM, the Agulhas Current flowed along its modern trajectory but deposited less Sr for VM34-157 at $3.6 km is probably due to sediment redistribution; the lack of a Holocene data point for VM34-153 at $3.5 km is due to an old ($9 ka) core top indicative of persistent winnowing or erosion. Figures 2 -4 , black triangles show cores for which both Holocene and LGM samples were analyzed for this study. White triangles show additional locations with paleoceanographic proxy data that constrain the glacial Agulhas circulation. These are cores MD92-2081 and GeoB-3603-2 [Peeters et al., 2004] , MD92-2080 [Rau et al., 2002] , PS2487-6 [Flores et al., 1999] , RC11-86 and VM34-157 [Verardo, 1995] , ODP 1089 and PS2821-1 [Cortese and Abelmann, 2002] , RC17-69 [Be and Duplessy, 1976] , University of Cape Town cores 5730, 5750, 6326, and 6577 [Winter and Martin, 1990] , and the Orange Shelf [Pether, 1994] . Sr/ 86 Sr. The ambient sediment includes minor contributions from the local south African continent but is mainly derived from the southwest Atlantic and delivered by deep and bottom waters [Franzese et al., 2006] . Because there is no evidence for a LGM to Holocene change in the end-member sediment compositions [Franzese et al., 2006] , the lower glacial 87 Sr/ 86 Sr of this mixture must be explained by a reduced input of Agulhasderived material and/or increased contributions from the other sediment sources with lower 87 Sr/ 86 Sr. The flux of material originating from the southern source was much greater during glacial periods [Bayon et al., 2003; Franzese et al., 2006; Kuhn and Diekmann, 2002; Walter et al., 2000] , and this must explain at least part of the 87 Sr/ 86 Sr signal in these sediments.
[23] On the basis of the results of our prior provenance and flux study using cores from the South Atlantic, Cape Basin, and a few cores beneath the Agulhas Current [Franzese et al., 2006] , the glacial end-member contribution from the southwest Atlantic was about 3.4 times greater than during the Holocene. These results also show that the local input remained fairly constant, while the continental input into the Agulhas Current at the LGM was about twice its Holocene value. Provenance and flux data show that the increased flux of southwest Atlantic material was transported clear across the Atlantic Ocean, into the region south of Africa. The increased flux of Agulhas material, however, appears to be deposited close to its source, indicating a weakened Agulhas Current flow [Franzese et al., 2006] . In fact, endmember modeling and mass balance calculations show decreased LGM fluxes of Agulhas-derived material downstream beneath the Agulhas Current [Franzese et al., 2006] .
[24] The isotope data we present here do not include trace element concentrations (Table 1) , and in most cases the age models are not of high enough resolution to resolve differences between Holocene and LGM sedimentation rates. Furthermore, we have made no quantitative estimates of sediment redistribution (e.g., on the basis of fluxes of 230 Th). For these reasons, we cannot make the same kind of quantitative arguments as in our previous study [Franzese et al., 2006] . We do, however, have enough information to make a semiquantitative reconstruction of the LGM to Holocene change for a few sediment cores. Four cores from the Agulhas Plateau have 87 Sr/ 86 Sr, sedimentation rates, and compositional data for both the Holocene and LGM, which we used to calculate the mass accumulation rates (MAR, g cm À2 ka À1 ) of bulk sediment and of the terrigenous component (Table 2) .
[25] Assuming that the local terrigenous flux was the same for both time slices, and the southwest Atlantic was a factor of 3.4 higher during the LGM [Franzese et al., 2006] , we can calculate the difference between the Holocene and LGM fluxes of Agulhas-derived material to these four cores using the following mass balance equation: LGM MAR Agulhas À (Table 2) . In other words, the LGM accumulation of Agulhasderived material on the Agulhas Plateau was smaller than during the Holocene. On the basis of their southerly location, we would expect the Agulhas Plateau cores to be the most significantly affected by the increased glacial flux of southwest Atlantic material. Yet even in these cores we can see clear evidence for a reduced glacial Agulhas input.
[26] On the basis of evidence that the glacial Agulhas Current traveled along its modern trajectory [Winter and Martin, 1990;  this study], we infer that the reason for the lower glacial 87 Sr/ 86 Sr in the downstream Agulhas Current and retroflection region was a smaller sediment transport capacity, i.e., a weaker Agulhas Current flow. This is consistent not only with a smaller flux of terrigenous material with an east African provenance but also with a reduced temperature contrast between the west and east coasts of the Indian Ocean and more subtropical (rather than tropical) fossil faunal assemblages [Be and Duplessy, 1976; Hutson, 1980] Sr of sediments deposited in the Agulhas Retroflection region during the LGM. Our main conclusion is therefore that a general weakening of the Agulhas Current system, rather than a displacement of the retroflection, led to the reduced Agulhas Leakage observed for the LGM.
Implications
[27] The lack of evidence for a glacial repositioning of the Agulhas Retroflection has implications for glacial reconstructions of the STF and our understanding of the mechanistic links between the latitude of the STF and Agulhas Leakage. If the mean location of the Agulhas Retroflection remained fixed near its modern position, as our data suggest, then the STF cannot have been significantly north of its modern latitude in the region directly south of the Agulhas Retroflection ($15°E to 20°E). The reduced glacial Agulhas Leakage that has been widely inferred from an assortment of paleoceanographic proxies [Berger and Wefer, 1996; Charles and Morley, 1988; Cortese and Abelmann, 2002; Flores et al., 1999; Peeters et al., 2004; Pether, 1994; Rau et al., 2002; Verardo, 1995] was not caused by a displacement or pinching of the retroflection due to a northward shift in the STF (or the zonal wind profile) as suggested by numerical models [de Ruijter and Boudra, 1985; Matano, 1996] .
[28] The results of this study also challenge our understanding of the link between Agulhas Current strength and the Agulhas Leakage. It has been suggested that given a stable wind field, a weaker Agulhas Current allows greater westward penetration of Agulhas waters and increased leakage into the Atlantic Ocean basin, while a stronger Agulhas Current forces an earlier retroflection, thereby reducing the Agulhas Leakage into the Atlantic Ocean basin Lutjeharms and van Ballegooyen, 1984; Ou and de Ruijter, 1986] . The glacial scenario, however, appears to be one with a weaker Agulhas Current, reduced Agulhas Leakage, and no significant change in the location of retroflection. Our assumption of a weakened glacial Agulhas Current based on changes in terrigenous 87 Sr/ 86 Sr is consistent with the reduced temperature contrast between the west and east coasts of the Indian Ocean and a smaller flux of terrigenous material with an east African provenance and more subtropical (rather than tropical) fossil faunal assemblages [Be and Duplessy, 1976; Franzese et al., 2006; Hutson, 1980] . It is, however, inconsistent with the hypothesis that the reduced glacial Agulhas Leakage was caused by a strengthened Agulhas Current.
[29] The apparent discrepancy between the paleoceanographic data and numerical models must be due to problems with either the data or the models or both. The paleoceanographic data span a large number of cores and a wide variety of proxies. None of the proxies are exclusively controlled by surface current velocity or hydrography: biologically mediated proxies respond to changes in temperature, salinity, productivity, and growth rate and changes in their own microenvironment; proxies measured on terrigenous (or bulk) sediment can be affected by the continental provenance, transport processes, particle flux, and syndepositional or postdepositional sediment redistribution. The good agreement between these fundamentally different proxy methods gives us confidence that the interpretations of a weaker Agulhas Current, reduced Agulhas Leakage, and no significant change in the location of retroflection at the LGM are robust. The inability of the models to adequately reconstruct a scenario that is consistent with the glacial data implies that the system is not yet adequately understood. It may be that the modern relationships do not hold during glacial periods, or maybe we do not have a firm grasp of the complex relationships between forcings controlling the modern Agulhas Current system. Clearly, further work must be done in order to fully understand the glacial mode of the Agulhas Current system and its role in the global THC.
Conclusions
[30] The 87 Sr/ 86 Sr ratios of the terrigenous detrital component of Holocene sediments clearly show that in the region south of Africa, values !0.720 trace the mean integrated flow path of the modern Agulhas Current through the retroflection and into the Agulhas Return Current (Figure 3) Sr from distant southwest Atlantic sources). This implies that the past reductions in the Agulhas Leakage were caused by reductions in the Agulhas Current strength, as opposed to changes in the position of the Agulhas Retroflection. This is inconsistent with the hypothesis of an inverse relationship between Agulhas Current strength and the Agulhas Leakage, which has been proposed on the basis of modern observations and supported by several model studies.
